Abstract: The surface texture of implant materials aff ects their clinical performance, but the fundamental mechanisms by which tissues sense diff erences in the surface characteristics of materials are unclear. In this study, we applied a novel polyimide double-faced porous membrane with openings of diff erent sizes on each side to a rat calvarial bone regeneration model and, using CT and histological methods, evaluated the bone formation rate in the direction of the transplant membrane. The tissue around the membrane reacted asymmetrically, with a diff erent rate of bone formation depending on the direction of the implant membrane. When the bone defect faced the side of the membrane with small openings (10-30 µm aperture), bone formation indices, such as the bone mineral density, bone mineral content, and bone volume, changed more rapidly compared with those when the bone defect faced the membrane side with large openings (40-60 µm) during the early stage of bone regeneration. Our results suggest that cells detected the diff erence in membrane surface texture and changed their behavior accordingly to accelerate bone regeneration. We believe that the manipulation of the surface texture of implant materials is important for improving medical applications in bioengineering.
Introduction
Cells exhibit high plasticity and the ability to adapt to their surrounding environment. They sense conditions using receptors for various factors, including biological signals as well as physical properties, such as elasticity, hardness, topography, and geometrical gradients of underlying substrates, and change their characteristics accordingly [1] [2] [3] . These physical properties of substrates affect the cell shape, rate of movement, activity, and differentiation. However, the ability of cells to sense and respond to these properties in vivo has not been sufficiently established. Understanding cellular responses on in vivo substrates is essential to develop improved implant treatments, especially for bone tissue engineering in orthopedic surgery, plastic surgery, and dentistry.
The surface roughness of implants and porosity of scaffolds have beneficial effects on bone regeneration and/or osseointegration around implants. The osseointegration of titanium dental implants is related to their surface roughness 4, 5) , and a porous structure in scaff old design is a major requirement for effective tissue engineering 6, 7) . A porous architecture plays a significant role in tissue regeneration by preserving tissue volume, providing temporary mechanical function, and delivering biofactors 6, 7) . Therefore, bone prosthetic materials with a porous structure have been developed, and various membranes are widely used in tissue engineering [8] [9] [10] [11] [12] [13] [14] . Polyimides are a favorable substrate for implant materials. They are strong, high-performance polymers that are bio-inert and biocompatible, but non-biodegradable [15] [16] [17] . Additionally, polyimides used as implant materials show long-term stability for several months 18) . Although polyimides have been applied in tissue engineering, the eff ect of the surface structure of polyimide membranes is still unclear.
In this study, we developed a novel asymmetric double-faced polyimide porous membrane with large apertures on one face, but small apertures, i.e., approximately one-third the size of the large apertures, on the other face. We applied this double-faced membrane to a rat calvarial defect model with the aim of investigating the eff ects of diff erences in the surface structure of a polyimide membrane on new bone formation and bone mineral density (BMD).
Materials and Methods

Animals and experimental design
All experiments were performed in accordance with the National Institutes of Health Guidelines for animal research. All of the animal procedures were approved by the Board for Animal Experiments at Kurume University (Admission Number: 2017-123).
Lewis rats (n = 33, Japan SLC Inc., Hamamatsu, Japan) at 9 weeks of age were subjected to calvarial defect surgery, and 66 defects were assessed. The rats with calvarial defects were divided into three groups: (1) V group, the large-hole side of the polyimide membrane was used to cover the defect; (2) M group, the small-hole side of the polyimide membrane was used to cover the defect; (3) control, uncovered defect (n = 11 per group). In each group, fi ve rats were subjected to a micro-CT analysis to evaluate bone regeneration changes over time (in vivo imaging) and six rats were subjected to a histological analysis by hematoxylin and eosin staining. All rats were evaluated at 2, 4, and 8 weeks after the calvarial defect surgery. The membrane was prepared following the Loeb-Sourirajan method 19),20) . First, polyamic acid solution was coated onto a stainless steel plate. Next, the polyamic acid-coated plate was submerged in a coagulating bath and incubated for several minutes. During this process, porous polyamic acid developed on the plate as a white membrane.
This white membrane was recovered from the plate by transferring it from the aqueous organic incubation bath to a fresh water bath for an additional incubation period. This precursor membrane was recovered, dried, and affi xed to a pin tenter for drying. The pin tenter was placed into an electric furnace. The polyamic thin membrane was heated to 360°C to catalyze porous polyimide membrane formation.
To confi rm the production of the porous membrane, a small sample of the heat-treated membrane was placed on conductive double-stick tape with no additional conductive coating and observed by lowvacuum scanning electron microscopy (SEM, 65 Pa). For implantation, the membrane was cut into a 15-mm octahedral shape using scissors and sterilized by autoclaving (121°C, 20 min).
Surgical procedure
The animals were anesthetized with isofl urane under a high fl ow rate of oxygen. The surgical site was shaved and treated with a 70% ethanol solution, and a subcutaneous injection of 0.25 ml of 2% lidocaine (local anesthetic) was administered at the sagittal (middle) section of the skull. A sagittal incision was made over the scalp from the nasal bone to the middle sagittal crest, and the periosteum was opened to expose the surface of the calvarial bone. Two circular bone defects (full thickness, 4 mm in diameter) were made in the calvarial bone using a trephine bur, and the defects were irrigated with saline to remove the bone debris (Fig. 1a) . The animals were randomly assigned to the following three groups based on the type of covering membrane: V group, M group, and control. The skin was sutured with 4-0 nylon.
Micro-CT analysis
At 2, 4, and 8 weeks post-operation, micro-CT was used to quantify the volume of bone formation within the defect. The animals (n = 5, 10 defects per group) were anesthetized with isoflurane. Live rats were fi tted with the coronal aspect of the calvarial bone in a horizontal position, and then the calvaria were scanned using micro-CT (R_mCT2; Rigaku, Tokyo, Japan) at 90 kV and 180 µA.
The images were analyzed using BMD analysis software (TRI/3D-BON; Ratoc System Engineering Co., Tokyo, Japan). To analyze the regenerated bone, the threshold was set to 100 Hounsfield units. Phantom images of a bone reference material were also acquired for calibration. A cylindrical volume of interest (VOI: 4 mm in diameter and 1.18 mm in height) was selected to calculate the BMD (mg/cm 3 : BMD=BMC/BV) of the regenerated bone based on phantom in the three groups (Fig. 1b) . The bone volume (BV, cm 3 ) was defi ned as the total number of bone voxels exceeding the threshold within the VOI. After thresholding, the bone mineral content (BMC, mg) was calculated as the BMD multiplied by the BV. Additionally, the process of bone regeneration was observed by 3D-CT.
Histological analysis
At 2, 4, and 8 weeks post-operation, the animals (n = 2, 4 defects per group) were deeply anesthetized with diethyl ether and sodium pentobarbital (50 mg/kg) and were transcardially perfused through the left ventricle with heparin-containing (10 U/ml) saline, followed by fi xing with 4% paraformaldehyde in PBS. After perfusion, the parietal bones containing the skin were removed from the skull using a saw. The specimens were then immersed in the same fi xative for 2 h at 4°C. They were then each rinsed in buffer and decalcified in Kalkitox solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 5 days. Subsequently, the specimens were trimmed, washed 3 times for 5 min each in PBS, and immersed in PBS containing 30% sucrose for 3 days at 4°C, after which they were frozen in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA, USA). Frozen blocks were cut into 6-μm-thick sections using a cryostat (CryoMicrotome CM1950; Leica, Germany). The sections were then stained with hematoxylin and eosin and observed.
Statistical analysis
Statistical analyses were performed using JMP version 13 (SAS Institute Inc., Cary, NC, USA). The Kruskal-Wallis test was used to evaluate differences among the three groups in the BMD, BMC, and BV. The Wilcoxon test was used for post-hoc analyses. Values are shown as means ± standard deviation (SD). p < 0.05 was considered signifi cant. 
Results
Double-faced porous polyimide membrane
SEM observation showed that the double-faced porous polyimide membrane had asymmetric characteristics (Fig. 2) . One side of the membrane had apertures of 40-60 µm (void side), and the other side had apertures of 10-30 µm (mesh side), with a wall-like structure connecting the two surfaces (thickness of the membrane, about 25 µm; porosity, 73.2%; average pore diameter, 10.8 μm; tensile strength at 23°C, 14 MPa; elongation percentage at 23°C, 4.4%; tensile elastic modulus at 23°C, 487 MPa; linear expansion coefficient, 47 ppm/ k. The membrane had internal macrovoids. The membrane had high thermostability, and no alteration was observed after autoclave sterilization.
Micro-CT analysis
The BMD values for the control group, V group, and M group were 221.01 ± 12.75, 221.17 ± 20.95, and 242.12 ± 11.26 mg/cm 3 , respectively, at 2 weeks after surgery; 286.45 ± 29. 21 3 , respectively, at 8 weeks after surgery. The BMD value of the M group at 2 weeks after surgery was signifi cantly diff erent from those of the other groups (Fig. 3a) .
The BMC values of the control, V group, and M group were 0.18 ± 0.07, 0.18 ± 0.06, and 0.31 ± 0.09 mg, respectively, at 2 weeks after surgery; 0.46 ± 0.20, 0.49 ± 0.12, and 0.60 ± 0.21 mg, respectively, at 4 weeks after surgery; and 0.91 ± 0.30, 0.80 ± 0.12, and 0.98 ± 0.31 mg, respectively, at 8 weeks after surgery. The BMC value of the M group at 2 weeks after surgery was signifi cantly diff erent from those of the other groups (Fig. 3b) .
The BV values of the control group, V group, and M group were 0.80 × 10 −3 ± 0.31 × 10 , 2.26 × 10 −3 ± 0.24 × 10 −3 , and 2.54 × 10 −3 ± 0.68 × 10 −3 cm 3 , respectively, at 8 weeks after surgery. The BV value of the M group at 2 weeks after surgery was signifi cantly diff erent from those of the other groups (Fig.  3c) .
3D-CT was used to observe bone regeneration in each group at the defect border (Fig. 4, 2 weeks, indicated by arrow heads) . None of the specimens showed fully regenerated bone within 8 weeks (Fig. 4) .
Histological analysis
Consistent with the 3D-CT observations, a histological analysis revealed that the regenerated bone in all groups originated from the defect margins at 2 weeks (Fig. 5) . In the V and M groups at 2 weeks, multinucleate cells, also termed foreign body giant cells, appeared to accumulate around the membrane, especially on the mesh side (Figs.  5, 6 , arrows). The number of cells around the membrane gradually decreased over time in the V and M groups. Collagen bundles were observed in the defect area and inside the porous membrane and appeared to mature over time. Although slight infiltration of lymphocytes and neutrophils was observed, strong inflammatory responses and capsules enclosing the membrane were not observed in any of the groups Control V group M group Figure 4 . 3D-CT analysis. In 3D-CT, new bone formation in each group was observed at the defect border at 2 weeks (arrow heads). None of the specimens showed fully regenerated bone within 8 weeks.
Discussion
In this study, we evaluated the effects of the surface structure of a novel polyimide porous membrane on new bone formation. In particular, we applied the polyimide porous membrane with openings of different sizes on each face to a rat calvarial defect model and found that the characteristics of the membrane surface affect bone regeneration processes. In the early stage of bone healing (2 weeks), the M group, with small membrane openings facing the defect, showed accelerated improvements in BMD, BMC, and BV values compared with those of the V group, with larger openings facing the defect. These results suggest that the structural properties of the implanted material alone directly aff ect the cellular and tissue behavior in vivo.
The importance of implant structure has been reported in clinical applications. For example, the osseointegration of titanium dental implants is related to their surface texture 4, 5) . Bilayer structured collagen sponges in which the rough surface faces the bone defect are beneficial for regeneration 21, 22) . Consistent with clinical studies indicating that cells are able to sense the surface architecture of implant materials, our present results also showed that cells or tissues detect the surface texture of implants. In our analysis, cells distinguished between the sides of the membrane with diff erent pore sizes, but the mechanism by which cells detect the diff erence in texture is still unclear.
Regeneration of bone defects is disrupted by epithelial or connective tissue invasion into the regeneration site. Guided bone regeneration 23) is now commonly used in clinical dentistry for implant or periodontal treatment to prevent these negative effects. In this method, barrier membranes are utilized to prevent epithelial and connective tissue migration, thereby facilitating bone regeneration. Our membrane may have had a similar barrier eff ect between the connective tissue and bone regeneration area, but such an eff ect would not account for the observed diff erences between the two membrane surface textures.
Cell adhesion and growth ability are closely related to the pore size of porous membrane surfaces 2, 24) . These properties gradually decrease as the pore size increases. Additionally, in vitro experiments have shown that osteoblasts or macrophages on polystyrene plates prefer rough surfaces over smooth surfaces 25) . In our study, foreign body giant cells appeared to accumulate more substantially around the small-pore face of the membrane than the large-pore face. These results suggest that the surface structure and properties infl uence cell activity in vivo, and this should be considered in future studies.
Materials used for implants need to be biocompatible and should not elicit an immune response. We did not observe any macroscopic adverse events, such as exposure of the membrane, healing dysfunction, or abscess, in any of the animals in our study. A histological evaluation revealed cells in the interior of the porous structure of the polyimide membrane. Infiltration of a large number of neutrophils and strong infl ammatory responses were not observed around the membrane. Thus, our results showed that although foreign body giant cells appeared around the polyimide membrane, this membrane is suitable for use as a biomaterial for medical devices and implants in bone surgery, consistent with previous reports 18, 26) . The bone defects in the rats did not close during the experimental period. However, the polyimide porous membrane accelerated increases in the BMD, BMC, and BV values in the early stage of bone healing, without requiring mechanical support, such as a Ti mesh or filler biomaterials containing growth factors. Therefore, it is possible that synergistic effects can be obtained when the polyimide membrane is used with other methods of bone regeneration, and this strategy might help to shorten the recovery time. Additionally, in the present study, we evaluated limited membrane structures; future studies should focus on further optimizing the surface texture of the implant membrane might to maximize bone regeneration.
Understanding of the molecular mechanism by which cells recognize substrate properties and change their behavior accordingly is another important step. In this study, we developed a simple model for determining the eff ect of surface texture on cell behavior in vivo, revealing the ability of cells to sense the aperture size of the substrate. We believe that this model can be used to obtain new insights in materials science and bioengineering, enabling improvements by not only in bone regeneration treatments, but also in various implantmediated regenerative treatments.
